Two permitted states of superconducting ring observed at measurements of its critical 

current 
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Magnetic dependencies of the critical current of superconducting, aluminium rings, with homo- 
geneous section and with small narrow spot, are measured. Only permitted state at each magnetic 
flux value is observed in the conventional ring because of strong discreteness of its spectrum. But 
two states are observed because of the small narrow spot. 



Superconductivity is the macroscopic quantum phe- 
nomenon thanks to common momentum p = mv + qA = 
h \j ip oi all superconducting pairs in a superconduc- 
tor with the long-rang phase coherence dlV^p = n27r. 
The spectrum of a free electron in a ring with a radius 
r, like the one on the atomic orbits, should be discrete 
Pn = nh/r because of the Bohr' quantization rp = nh. 
But quantum phenomena connected with this discrete- 
ness can be observed in real rings with r = 1 /im only at 
very low temperatures [l| because of the decrease of the 
energy difference between the permitted states 



E„ 



(2n+l) (1) 



with the radius r increase. The persistent current is ob- 
served [IJ when the magnetic flux $ inside the ring is not 
divisible $ ^ n^o by the flux quantum $o = "^irh/q and 
the velocity 



dlVn = 

m $0 



(2) 



can not be equal zero v ^ 0. In non-superconducting 
rings [l| it is created by electrons on the Fermi level with 
great quantum number n = np w mvpr/h « 10000, 
because other electrons n < np have opposite directed 
velocity 0. Because all Ng = 2nrsns superconducting 
pairs in the ring with the radius r and the section s have 
the same quantum number n the persistent current Ip = 
sn^qv is greater and their spectrum 

En=N.^(n^§-r^l,,.Mn^§-r (3) 

is much more discrete then the one of electrons in non- 
superconducting rings. Ip^A = snsq{2'!Th/lm) is the am- 
plitude of the persistent current. The difference of the 
energy (3) is great \En±i — En\ ^ ksT thanks to huge 
number of pairs Ns in ring or cylinder with real sizes 
r and s. Therefore the permitted state with minimum 
energy cx (n — ^'/$o)^ has overwhelming probability 
Pn oc exp —En/ksT. The Little - Parks effect 3] cor- 
roborates this overwhelming probability even in the fluc- 
tuation region above superconducting transition T > Tc- 
According to the universally recognized explanation Q 
the oscillations of the resistance i?($/$o) of supercon- 
ducting cylinder or ring at T > Tc is a consequence of 



the change of the quantum number n corresponding to 
lowest energy oc (n - $/$o)^ at $ = (n -I- 0.5)$o- 

The strong discreteness En+i — En ^ ksT of the per- 
mitted state spectrum of superconducting ring is cor- 
roborated also with help of measurements of the criti- 
cal current Ic- Its value /c($/$o) corresponds to the 
measuring current \Iext\, Fig-1, at which the supercon- 
ducting pair velocity reaches the depairing velocity Vc in 
one of the ring halves and superconducting state is bro- 
ken by jump 5]. The pair velocity in the ring halves Vup 
and Vdown are determined with the measuring current 
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^down 
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'^up ~t~ Sciown'^s,down^down) 



and the quantization (2) according to which Z^, 
IdownVdown = {2'!Th/m){n - $/$o)- In a symmetric ring, 
with the same parameters of the ring halves Sup = Sdown, 
ns,up = ns,down, kip = Idown = If^ the velocities should 
be equal Vup — lext/'^snsq + {2TTh/lm){n — $/$o) = 

{lext + '2Ip)/'2snsq, Vdown = lextf^SHsq - {2'Kh/lm){n - 

^/^o) — {lext — 2Ip)/2snsq and the critical current de- 
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FIG. 1: The ring with small narrow spot measurement of the 
magnetic dependencies of the critical current of which has 
demonstrate the observation of the two permitted states n 
and nil. The ring radius r ^ 2 (xm. 
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FIG. 2: The magnetic dependencies of the critical current 
measured on the conventional ring with the radius r « 2 fim 

(1) and on the like ring but with small narrow spot, see Fig.l, 

(2) . The dependence of the absolute value of the persistent 
current |7p| = (7c, o — 7c)/2 corresponding, according (4), to 
the Ic{^/^o) dependence measured on the ring with small 
narrow spot is shown also (3). 



termined with the condition 



Jupl 



Vc or \Vdown\ 



c,0 



2Ij,^A2\n-—\ (4) 

<J>0 



should depend on the persistent current Ip = Ip^A^if^ — 
<i>/<i>o) value. left = sn^qvc is the critical current at 
Ip = 0. As positive, the direction from right to left for 
lext, Vup, Vdown and clockwise for the persistent current 
Ip are taken. 

The magnetic dependencies of the critical current mea- 
sured on the conventional, symmetric ring are described 
very well by the relation (4) in which the quantum num- 
ber changes from n to n + 1 at $ = {n + O.5)$07 Fig. 2. 
The amplitude 6 of the oscillations of the critical 
current of the conventional ring shown on Fig. 2 cor- 
responds, according to (4), the amplitude of the per- 
sistent current Ip A ~ 3 ^A. The energy difference 
En±i ~ En ~ Ip,A^o ~ 6 10^^^ J, see (3), between 
the lowest state n and the adjacent state n ± 1, at this 
Ip^A corresponds to the temperature {En±i — En)/kB ~ 
450 K exceeding strongly the temperature of measure- 
ments T„ « 1.45 X « 0.97Tc, Fig.2. Therefore the crit- 
ical current (4) corresponding to only permitted state 
n is observed at n — 0.5 < $/<i>o < n ~\- 0.5 in ac- 
cordance with the enormous ratio of the probabilities 
Pn/Pn±i - cxp {En±i - En)/kBT « e^^o « 10"4 of the 
transition of the ring in superconducting state with the 
quantum number n and nil. But the measurements 
have revealed that even small narrow spot in a ring sec- 
tion, Fig.l, can increase strongly the probability of the 
nil state. According to the result of the Ic measure- 
ments shown on Fig.2 the probability ratio P„/P„±i does 



not exceed 3. This result should imply the small energy 
difference — £"„ ~ ln3 k^Tj^ « ks 1.6 K. 

In additional to the increase of the nil state prob- 
ability the narrow spot in one of the ring halves results 
to a shift of the /c($/$o) dependencies on O.SS^o, Fig.l. 
This paradoxical effect was investigated in detail at mea- 
surements of the critical current of rings with different 
sections of ring halves @ . The shift is observed because 
of an asymmetry, i.e. a distinction between section of ring 
halves @ . The two states n and nil can be observed 
without the shift of the Id^/^o) dependencies at mea- 
surement of the critical current of a ring with two sym- 
metric narrow spots in ring halves @. The shift results 
to the obvious contradiction of the /c($/$o) dependen- 
cies measured on the asymmetric ring with the prediction 
of the universally recognised quantum formalism (2) and 
the Little - Parks resistance oscillations measured on the 
same asymmetric ring f5|. According to the quantiza- 
tion requirement (2) extreme values must be observed 
at $ = n<I>o and $ = (n + 0.5)<I>o. Maximums and mini- 
mums of the critical current oscillations /c(<&/<&o) of sym- 
metric rings, Fig.2, as well as the resistance oscillations 
i?(<I>/<I>o) of asymmetric rings 0] are observed in accor- 
dance with this requirement. But the observation of the 
extreme values of the /c($/$o) dependencies of asym- 
metric rings at <I> = (n + 0.35)$o and $ = (n + 0.85)$o, 
Fig.2, contradicts inexplicably to the quantization con- 
dition (2). Therefore the experimental results shown on 
Fig.2 can not be explain completely. 

We can assume only that the observation of the two 
states in a symmetric ring with two narrow spots in 
ring halves may be connected with non-monotonic de- 
pendence js — qUgV — (77iso(l — v'^/3Vc)v of the super- 
conducting current density js on pair velocity v [4| . Su- 
perconducting state with 3vc > Vsh > Vc and the reduced 
pair density Ug.sh = '^so(l — ^'^/'^^c) ^ "-sO can be stable 
in a short ring segment Ish < S, (T) thanks to the proxim- 
ity effect when v ^ Vc and rig « n^o in the adjacent ring 
segment. The short ring segment can give a considerable 
contribution Ish^sh ~ i2TTH/m to the velocity circulation 
(2) and a smaU one = lshmVshIp/2 in 

the energy (3). Therefore the inhomogeneous state with 
ng.sh nso in the short ring segment Igh and rig Uso in 
the rest of the ring can have the quantum number nil 
and the energy differs to a little degree from the energy 
of the homogeneous state with the quantum number n. 



Acknowledgement 

This work has been supported by a grant Quantum bit 
on base of micro- and nano-structures with metal conduc- 
tivity of the Program Technology Basis of New Comput- 
ing Methods of ITCS department of RAS, a grant of the 
Program Low-Dimensional Quantum Structures of the 
Presidium of Russian Academy of Sciences and a grant 
04-02-17068 of the Russian Foundation of Basic Research. 



3 



[1] L. P. Levy et al. Phys. Rev. Lett. 64, 2074 (1990); V. 
Chandrasekhar et al., idid 67, 3578 (1991); D. Mailly, et 
al., idtd 70, 2020 (1993); B. Reulet et al., idid 75, 124 
(1995); E. M. Q. Jariwala et al., idid 86, 1594 (2001); W. 
Rabaud et al, idid 86, 3124 (2001). 

[2] Ho-Fai Cheung, Y. Gefen, E. K. Riedel, and W.H. Shih, 
Phys. Rev. B 37, 6050 (1988) 

[3] W. A. Little and R. D. Parks, Phys. Rev. Lett. 9, 9-12 
(1962) 



[4] M. Tinkham, Introduction to Superconductivity. McGraw- 
Hill Book Company, New- York, 1975. 

[5] A.A. Burlakov, V.L. Gurtovoi, S.V.Dubonos, A.V. 
Nikulov and V.A. Tulin, arXiv: cond-mat/0603005 

[6] M. Faucher, T. Fournier, B. Pannetier, C. Thirion, W. 
Wernsdorfer, J.C. Villegier, V. Bouchiat, Physica C 368, 
211 (2002) 



